The lattice imaging technique of high-resolution electron microscopy has been applied to study spinodal decomposition in a Cu-Ni-Cr alloy.
at .% Ni, lattice parameter differences {~a) were clearly detected from one region to another by measurements on microdensitometer traces across the lattice fringes. In addition, the average wavelength determined from this technique was in exact agreement with that determined from the positions of satellite reflections in the corresponding diffraction patterns. Thus, the lattice image of this material reveals the principal features expected of a spinodally decomposed alloy, and laser optical diffraction from the lattice image negatives also showed characteristic sa~ellite reflections. This latter method allows areas as small as lOA ' (1 nm) in diameter to be chosen to aive diffraction data which are far suoerior in terms of resolution to those from selected area electron diffraction (5) . These ootical diffraction patterns can also be used to obtain -2-fringe spacing chan9es (6, 7) and are an alternative to the microdensitometer measurements for obtaining fringe spacing information.
For the present research, Cu-Ni-Cr was studied particularly because of its commercial importance as an alloy with good strength and corrosion resistance in marin~ environments (8) . From conventional TEM studies of this alloy {9) it is known that the material spinodally decomposes into Cu-rich and Cu-poor regions when aged at temperatures below 750°C (1033 K), and the difference in lattice parameters between the two phases is quite small {10) {~a-1%). Hence the analysis of the fringe spacings must be performed very carefully in order to achieve meaningful results from the lattice images. Three different methods were used to determine ~a · from fringe spacings. As decomposition occurs along the so-called ' elastically 11 Soft 11 < 100> directions {9), the {200) lattice fringes were imaged to measure ~a.
Experimental Procedures

The Material and Heat-Treatment
The alloy was kindly provided by International Nickel Company.
Chemical analysis done at the Paul D. Merica Laboratory gave the following results, expressed in weight %:
Ni-28.9%
Cr-2.84%
Mn-0.55% Zr-0.22%
..:::;.
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The alloy was first encapsulated in evacuated quartz tubes, homogenized at 1100°C for 72 hours, quenched into ice brine and cold rolled to 10 mils ( 254 ~m) thickness for transmission electron microscope specimens.
After cutting and machining, the various experimental specimens were re-annealed in quartz tubes filled with purified argon at 1100°C
for two hours and quenched again in ice brine.
Specimens were subsequently aged at 600°C and 700°C for various times from 5 min. to 808 hours.
Polishing Procedures
The heat-treated alloys were chemically polished in a solution of 3 parts HN0 3 and 1 part HF at room temperature to a thickness of 3-5 mils, and then mechanically polished on (600) gritemery paper.
Small discs were punched from the alloys and thin foils for TEM were prepared by jet-electropolishing, using the following conditions: by the magnification and obtain the actual fringe spacings.
Accuracy of Measurement
A general assessment of the accuracy of these methods has been made elsewhere (ll) . Since in the present alloy the lattice fringes were often of low visibility, the most convenient and reliable method of analysis was by optical diffraction, although this is not usually the case. In order to reduce these experimental errors, average values may be taken over several fringes. In this research, by averaging over 15 fringe spacings at a time, the accuracy was estimated to be ~1.0%.
(c) The prints from these images provide a less objective criterion for assessing the fringe spacings than do the microdensitometer traces. Again, the accuracy can be improved if measurements are averaged over a number of fringes and is estimated here to be ~2% for 10 fringes.
Results
For a perfect crystal, the electron image fringe spacings are identical to the lattice spacings in specimens at the exact Bragg imaging condition (12}. In a crystal with variable d-spacings (as in a spinodal product), the situation is more complex, and the fringe . .
•
.. indicate that the fringe and lattice spacings are identical .within experimental error, so that it is reasonable to assume that the lattice imaging method can be applied to the earlier stages of aging as well, in order to obtain lattice parameter differences.
By measuring fringe spacings, the localized lattice parameter of the specimen can be obtained. Since the lattice constants ,depend on composition, then the lattice imaging method is useful for estimating compositions in the crystal. Thus composition profiles in the material can be shown at resolutions down to the atomic plane level by plotting fringe spacing variations versus distance.
Early Stages of Decomposition
At the early stages of spinodal decompostion, solute segregation occurs to produce a wavelike composition variation (14) . The lattice is continuous throughout the crystal. A lattice image and its corresponding diffraction pattern are shown in Figure 4 for a specimen aged 10 min. at 700°C. The large-scale dark and bright contrast is typical of a modulated microstructure imaged under two-beam conditions.
The fringes are continuous from one phase to the other. Analysis of the microdensitometer trace, as described above, shows that the spacings vary periodically in the image, and produce a wavelike profile which is shown in Figure 5 . The maximum and minimum lattice parameters and tlose to measurements on the bright field micrographs (65 ± 5 A).
Whether this profile truly represents the initial wavelike composition modulation that is expected is discussed later.
Lattice images of other specimens in the early stages of aging similarly showed spacing variations from one place to another when analyzed by trace analysis or optical diffraction,with good agreement between wavelengths determined from the various methods. A compilation of approximate maximum and minimum spacings is given in ·Table I.
Later Stages of Decomposition
The fine, wavy microstructure of the early stages changes upon aging, such that Cu-rich and Cu-poor regions separate into two distinct phases (e.g. Figure 6 ). The interfaces appear to sharpen and the wavelength of the modulation increases (9) . The statistical reliability of the fringe spacing analysis increases since averages may be taken over a greater number of fringes (11).
It is possible at these later stages to correlate directly the fringe spacings with the image contrast of the dispersion. In the present case, the Cu-poor phase is the minor phase and is thus isolated to show the fringes.
The rectangular area marked is enlarged in fig. 7b A series of optical diffractograms taken with 120 ~ equiValent diameter aperture produced the spacing profile shown in Figure 8 .
Thus the precipitates at positions A-B and H-J clearly have smaller lattice
spacing than the matrix regions. The smaller preciP.itate is shared between than the matrix regions. The smaller precipitate is shared between positions E and F and apparently the matrix contribution to the average spacing is dominant in this case. This correlation between fringe spacings and image contrast was confirmed many times in this investigation, e.g. Figure 10 in which other features are also found (see Sec. 3.3). The lattice constants so determined (Table I) are within experimental error of those established by x-ray diffraction. This is an extremely important result showing that lattice fringe spacing over small regions can correspond satisfactorily to bulk data and that small lattice parameter-differences can be studied by the lattice imaging technique.
Interface Composition Profiles
It is well known that the initially diffuse interface in spinodal products sharpens upon aging (14) as shown schematically in Figure 9 .
This is demonstrated in the present study by the differences between
Figures 5 and 8. However, in the later stages of the reaction unexpected interfacial profiles were discovered which are now described.
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In overaged ,alloys (e.g., 166 hours at 700°C), such that the interface is partially coherent (9) ; placing an optical diffraction aperture over the Cu-~ich or Cu-po~r regions clearly produ~es diffraction spots whose positions correspond to each phase in turn (e.g. fig. 10 a,b) . With the aperture over the interface two diffraction spots are produced (Figure lOc) indicating both that the interface is sharp and that the crystal lattice is no longer continuous.
This observation was repeated for the material aged for 808 hours at 600°C, but in this case two other types of profile were also found.
Firstly, near some precipitates the optically diffracted spot broadened at the interface, indicating a diffuse boundary to be present on the scale of the aperture size (120~) (e.g., Figure lOd) . Secondly, at other interfaces a satellite spot effect is produced (Fig. lOe) . Close .
- -11- iii} with a fine wavelength spacing modulation, superimposed on the normal profile {as in fig. lOe} .
All of these can be modified as they appear in the lattice image because of elastic strains associated with the interface misfit. Since the misfit is small in this case, the strains are also expected to be small. Nevertheless, coherency strains will affect the interface fringe-spacing profile, and hence the deduced composition profile.
Discussion
It is clear from the above results that lattice imaging can indeed be used for studying lattice spacing variations which may only be very small (e.g., -1%}. In the present investigation the correlation between fringe spacing with the known lattice constants of particular phases has been demonstrated (Section 3.2}. However, one of the most important aspects of studying spinodal decomposition is to obtain the shape and amplitude of the composition profile. It would be tempting to take the data in Figure 5 to indicate an approximately sinusoidal waveform at the early stages of decomposition, as schematically represented in In order to obtain sufficient precision to distinguish the fringe spacings to better than 1%, it has been necessary to average over 15 fringes. The effect of such a procedure is to "smooth" the profile, whether it be ragged or whether it be sharply discontinuous.
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shows what happens to a square-wave modulation with periodicity of 26 fringes when each point is av~raged over 15 fringes (this is very similar to the experimental situation in Figure 5 ): a waveform is produced which is almost continuously varying in amplitude. The introduction of statistical error would make it very similar to the experimental plot of Figure 5 . In addition small wavelength regions are smoothed so that they become low amplitude ripples similar to those that appear in Figure 5 . The conclusion must be that our experimental results could have· arisen from a square-wave modulation, quite unlike what is expected from an early stage spinodal~ Whilst this is unlikely, the point cannot be ignored.
This situation has arisen because resolution has to be sacrificed in order to attain the necessary precision. Averaging with a smaller number of fringes (equivalent to about one quarter of the compositional wavelength) would show enough characteristics of the curve to establish whether it ~rere continuously varying or not. It is apparent that this is possible for fine-scale modulations only with systems with a reasonable variation of lattice spacing with composition (e.g., ~5%
difference in parameter between the equilibrium phases). This is the situation for Au-Ni (4,5). For alloys with smaller lattice parameter differences, as the present case, only the later stages can be studied with any certainty. As the lattice parameter differences increase, so do the coherency strains and these could further complicate the interpretation of fringe profiles at interfaces.
One of the most interesting discoveries about the reaction comes from the latter aging period, when three types of /precipitate-matrix interface can be present in the same specimen as a result of coarsening.
It would be expected that two of these would coexist for some period:
the sharp and the diffuse interfaces. However, the third type is somewhat unexpected; a short wavelength modulation superimposed on the normal composition profile. This configuration should be unstable. Its origin is certainly not evident from the normal solutions to Cahn•s diffusion equation (15), but very recently such an effect is predicted to occur during coarsening of a spinodal microstructure (as we have here) by taking into account higher harmonic terms (16).
Summary and Conclusions
1. The present lattice image and optical diffraction study of spinodally decomposed Cu-Ni-Cr alloy-shows the ability to detect lattice parameter differences between two finely dispersed phases even when the difference is only -1%. This is important fn the assessment of the capability of lattice imaging for phase transformation investigations.
2. Fringe spacing analysis shows excellent correlation with the bulk lattice parameters of the precipitating phases. Thus the Cu-rich 0 regions have a lattice-constant 3.60 ± 0.02A, and the Cu-poor regions a lattice constant 3.56 ± 0.02 A, consistent with previous X-ray studies.
3. Three types of interface are found to occur in the same specimen by the lattice imaging and optical diffraction techniques. These are i) sharp, discontinuous interfaces;
ii) diffuse, continuous interfaces;
iii) continuous interfaces with short wavelength spacing modulations in the vicinity of the interface.
This latter observation is quite unexpected and deserves further investigation, both experimental and theoretical. "' .
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